We developed a novel approach to probe the molecular basis of TCR recognition of the MHC class I-peptide complex and to determine how constraints placed on peptide binding by the class I molecule influence T cell recognition. We synthesized peptide pairs derived from the N-and C-terminal regions of class I peptide ligands in which the TCR contacts and dominant binding residues were placed together or were separated. Complementary peptide pairs derived from two well-characterized L d peptide ligands, tum -(QNHRALDL) and p2Ca (LSPFPFDL), were tested for the ability to sensitize targets for recognition by peptide-specific cytotoxic T lymphocytes (CTL). The tum-derived tetramer QNHR, containing both primary TCR contact residues (H17 and R18), is recognized only when used in combination with ALDL which contains the primary binding residues (A19, D21 and L22). This suggests that both peptides of the pair contribute to positioning of the TCR contacts. Remarkably, CTL clone P24 recognized target cells sensitized with a trimer (QNH) combined with a pentamer (RALDL), demonstrating that TCR recognition can occur when the TCR contacts are separated (placed on separate peptide subunits). For the p2Ca peptide LSPFPFDL, the C-terminal tetramer PFDL, which contains both the primary TCR contact residue (P) and the dominant binding residue (L), is sufficient for recognition. In addition, PFDL was able to bind effectively to L d and to activate naive antigen-specific T cells. These data suggest that peptide subunits and complementary peptide pairs composed of trimeric, tetrameric or pentameric peptides can bind independently to the L d molecule in the same register and orientation as they do when contained within the parent peptide.
Introduction
The TCR on CD8 ϩ cytotoxic T lymphocytes (CTL) possess peptides and are primarily responsible for producing the peptide-induced stabilization of class I (3). Certain nonexquisite specificity for a unique determinant created by the MHC class I molecule complexed with a specific peptide anchor residues of the peptide ligand are variable and are positioned by the class I molecule to be readily accessible to ligand. The length and the sequence of the peptide ligand is influenced by the conformation of the class I binding groove the TCR. Thus there are constraints on the peptide sequence imposed by interactions with both class I and the TCR. and the sequence of the polymorphic residues within the binding groove (1). The crystal structure of MHC class I Although certain peptide residues are fixed in order to optimally bind to a specific class I allele, some flexibility exists for molecules has revealed that peptides bind in an extended conformation with most of the surface buried in the class I the non-anchor, non-TCR contact residues. The residues of the peptide ligand that are important for interaction with either binding groove where the main chain atoms of the peptide interact with the class I residues (2). Conserved amino acids the MHC or the TCR have been determined for several antigens using synthetic peptides with serial amino acid at specific positions of the peptide function as anchor residues and define the peptide binding motif for a given class I allele.
substitutions. In addition, truncated peptides generated by deleting residues from both ends have been used to define the Conserved binding sites at the ends of the class I binding groove make the same atomic contacts with a variety of minimum antigenic determinant required for T cell recognition.
Thus far both a tetramer and a pentamer capable of specific resulting in a free amine group. The completed peptides were separated from the resin and the side chain protecting groups recognition have been reported (4, 5) . Because this interaction between the TCR and MHC-peptide complex determines the removed by cleavage with trifluoroacetic acid and appropriate ion scavengers. The resulting C-terminus of each peptide is exquisite specificity of the immune system, understanding the molecular interactions involved is key to understanding a free acid. The crude peptides were separated from the cleavage solution and most impurities by precipitation with activation and regulation of effector T cell function.
In this study we have used a unique approach to define the methyl t-butyl ether. They were then solubilized in water, lyophilized and stored desiccated at -20°C. All peptides structural constraints, both for binding and TCR recognition, placed on the peptide by the class I molecule. Two different described in this study were readily soluble in water at neutral pH and in cell culture media at physiological pH. Purity was L d peptide ligands that have been well-characterized, the antigenic tumor peptide tum -derived from the P91A -protein Ͼ90% as assessed by reverse phase HPLC and mass spectrometry. (6,7) and the immunodominant alloantigenic peptide p2Ca (8-10), were used for these analyses. Complementary peptide Antibodies pairs derived from the N-and C-terminal regions of the tumand p2Ca were synthesized. The residues that were defined mAb 30-5-7 (anti-α2 domain), 28-14-8 (anti-α3 domain) and B22/249 (anti-α1 domain) are mouse IgG2 isotypes specific to be important for T cell recognition and those important for binding were either placed together or separately on peptide for L d , and mAb 11-4-1 is an IgG2 isotype specific for K k (13,14). subunits. These split peptides, that together make up the complete sequence of the peptide ligand, were used alone Peptide induction and flow cytometry or in combination to sensitize target cells for recognition by peptide-specific CTL. The results of this analysis reveal that L-L d cells were cultured overnight at 37°C in the presence or absence of 100 µM peptide. The cells were washed and short synthetic peptides derived from the antigenic sequence can be specifically recognized by the TCR, indicating that incubated at 4°C for 30 min in HBSS containing 0.2% BSA and 0.1% sodium azide in the presence of L d -specific or they can bind in the same register and orientation as when they are present in the parent peptide.
control mAb. In vitro generation of peptide-specific primary CTL and CTL free conditions. They were bred to the C57BL/6 strain and clones progeny were selected for expression of the 2C TCR.
The generation of tum -peptide-specific CTL clones has been Cell lines described (15). Clones P15 and P24 were originally generated P815 is an H- were re-stimulated with irradiated BALB/c spleen cells weekly for 2-3 weeks in sensitization medium supplemented with 10 Peptides U/ml rIL-2, during which time they were used for 51 Cr-release assays. To test peptides for the ability to activate 2C T cells, The peptides were synthesized using FMOC solid-phase chemistry on an Applied Biosystems (Foster City, CA) model primary cultures were established by culturing 2.5ϫ10 6 2C T cells with 3.5ϫ10 5 irradiated (10,000 rad) RMA.S-L d cells in 432A peptide synthesizer (12). In each synthesis cycle the deprotection, activation and coupling steps were continuously the presence or absence of 100 µM peptide in sensitization medium. After 7 days, the cultures were re-stimulated with monitored by changes in conductivity. At the end of the synthesis process the N-terminus amino acid was deprotected RMA.S-L d and the same peptide.
51 Cr-release assay at least as good as peptide 9-3 for T cell recognition and binding to L d . Since both of these peptides are recognized Target cells (1ϫ10 6 ) were labeled with 150-300 µCi 51 Cr by CTL clones generated to the endogenously expressed (Na 51 CrO 4 , 10-25 mCi/ml; Amersham, Arlington Heights, IL) determinant, both are candidates for the endogenous in 100 µl of RPMI 1640 medium supplemented with 10% FCS sequence. Thus we included both peptides in our further (RPMI/FCS) for 1 h at 37°C in 5% CO 2 . After 1 h the cells analyses. were washed twice and added to the wells of round-bottom microtiter plates containing various dilutions of peptide.
The N-and C-terminal split tum -peptides restore T cell Effector cells in RPMI/FCS were added at various concentrarecognition when used in combination tions. The plates were spun at 50 g for 1 min and incubated
To determine if two peptide halves, one containing the primary for 4 h at 37°C, 5% CO 2 . Then, 100 µl of supernatant was TCR contacts and the other containing the dominant binding counted in an ISOMEDIC γ-counter (ICN, Horsham, PA). The residues, could combine in situ to form a functional MHCmean of triplicate samples was calculated and percent 51 Cr peptide complex, we synthesized complementary peptide release was determined according to the following equation:
pairs derived from the octamer tum -sequence. We previously Percent 51 Cr release ϭ 100ϫ[(experimental 51 Cr releaseidentified the TCR contact sites on the nonamer tum -peptide control 51 Cr release)/(maximum 51 Cr release -control 51 Cr as H17 and R18 and the L d binding residues as A19, D21 release)]. The SEM percent lysis was Ͻ5% of the mean. and L22 (7). Peptides were synthesized in N-and C-terminal 'pairs' in which the N-terminal peptide contained either none, Results one or two TCR contact residues (H17 and/or R18) and the C-terminal peptide contained none or one of the TCR contacts The octamer tum -peptide, QNHRALDL, is optimal for TCR (R18) and the three dominant binding residues. These recognition and L d binding peptides are listed in Tables 1-3 . When the octamer sequence was split into two tetramers, The originally reported tum -peptide is a 13-mer derived from the tumor antigen, P91A, and CTL specific for tum -cause QNHR and ALDL, simultaneous addition of both tetramer peptides in equimolar concentrations resulted in strong lysis rapid tumor rejection in a syngeneic host (6). We previously defined the optimal tum -nonamer because the precise by two different tum --specific T cell clones ( Fig. 2A ), but addition of either tetramer alone to the CTL assay did not sequence of the naturally processed peptide has not yet been determined. In addition we defined the L d binding and permit recognition. A similar pattern was observed when the octamer was split into a trimer and pentamer (QNH and the TCR contact residues of the nonamer (7) and we reported a TCR motif in the V α CDR3 region of tum --specific T cell RALDL) ( Fig. 2A) . It is noteworthy that the TCR contacts for clone P24 (H17 and R18) (16) can be on separate peptides clones that correlates with oppositely charged TCR contact residues on the peptide ligand (7,16).
and still be recognized. Clone P15 requires only R18 as a TCR contact (16) yet both peptide halves are required for To determine if an optimal octamer also exists, a panel of the six possible octamer peptides contained within the 13-recognition when R18 is placed on the same peptide with the primary binding residues. This suggests that both peptides mer were synthesized (Tables 1-3 ) and compared for the ability to sensitize T2-L d target cells for lysis by the tum --of the pair must bind in order to position the TCR contact(s) for recognition by CTL. These data indicate that both subunits specific T cell clone P15. Only one octamer, QNHRALDL, designated peptide 8-4, was recognized well at low peptide of a peptide pairs are capable of binding to the same L d molecule in a conformationally correct register and can be concentrations (Fig. 1A) . The other octamers showed little or no lysis even at the highest concentration tested. When the recognized by the TCR, even when the TCR contacts are on separate peptides. 8-4 octamer was compared to the 13-mer and the optimal nonamer, TQNHRALDL (peptide 9-3), the octamer peptide
The N-terminal pentamer of the optimal tum -nonamer is sensitized target cells for T cell recognition at a 1000-fold sufficient for recognition lower concentration (Fig. 1B) .
The octamers were also compared for relative binding to The above data indicate that both peptide halves derived from the octamer sequence need to bind in order to position L d . Exogenous peptide ligand has been shown to bind to and stabilize surface L d molecules resulting in a measurable the TCR contacts. However, if the peptide pairs are derived from the optimal nonamer sequence, TQNHRALDL, the penincrease in L d surface expression (17) . Incubation of L-L d cells with the 8-4 octamer and the 9-3 nonamer resulted in tamer TQNHR is effectively recognized when used alone ( Fig.  2A and C) . This pentamer includes both of the TCR contacts an equivalent specific increase in the surface expression of L d measured with three different L d -specific mAb (Fig. 1C) .
but not the primary binding residues. The presence of T at position 14 either improves binding and/or influences the Both of these peptides induced slightly greater L d expression than the 13-mer. Peptide 8-4 was the only octamer that positioning of the TCR contacts. Although alanine-substitution of T14 of the nonamer peptide did not reveal a significant caused significant induction of L d expression (not shown). Peptide 8-5, recognized poorly by T cells at the highest effect on binding (7), it is possible that the presence of the dominant anchor residues at positions 19, 21 and 22 prepeptide concentration (Fig. 1A) , induced only a marginal increase in L d surface expression (not shown). These observacluded a noticeable effect. However, the fact that QNHR is recognized only in combination with ALDL indicates that T14 tions suggest that peptide 8-4 is the only octamer that is able to form a stable association with L d . These data, together fixes the position while the other peptides QNH and QNHR may bind with more fluidity (variable positioning) when used with the T cell recognition data, suggest that peptide 8-4 is alone. Substitution of K18 for R18 in the pentamer (Fig. 2C ) in the C-terminal half of the peptide, parallel experiments were performed with the octamer-derived peptide pair (QNHR or the nonamer (not shown) prevents recognition by clone P24, confirming the importance of this TCR contact in both and ALDL) where one peptide was added at a fixed high concentration while the other peptide was added at decreasthe pentamer and the nonamer, and suggesting that the pentamer binds in the same orientation as the nonamer. In ing concentrations. As shown in Fig. 3 , when the concentration of QNHR is fixed at 100 µM and the concentration of ALDL addition the data suggest that positioning of the TCR contacts is critical and that amino acids at either end of the peptide is decreased, the activity does not drop as rapidly as when the concentration of ALDL is fixed at 100 µM and the can contribute to and be sufficient for this positioning.
In contrast to the above results with the octamer tumconcentration of QNHR is decreased. Because lower concentrations of ALDL produce significant lysis, it can be inferred peptide, a peptide pair derived from the nonamer sequence that separates the TCR contacts, TQNH and RALDL, did not that ALDL binds more efficiently to L d than does QNHR. This is consistent with our previous data placing the dominant restore recognition when they were used in combination (Fig.  2B) . The lack of recognition observed for TQNH in combination anchor residues in the C-terminus of the tum -peptide (7). with RALDL, compared to QNH in combination with RALDL,
The N-terminal tetramer of p2Ca is not recognized whereas is likely due to an inability of the former pair to fit properly the C-terminal tetramer alone is sufficient for recognition into the groove. This could be the result of the presence of the extra termini imposing a steric effect when there are nine
We were intrigued by the fact that the two peptide halves derived from the tum -octamer could bind independently and amino acids in the peptide pair as opposed to eight.
To confirm that the dominant binding residues are located be recognized specifically by the TCR. We therefore wanted to extend our study to include another well-characterized L d Significant lysis was detectable at concentrations of peptide as low as 10 -8 M. Therefore the tetramer, PFDL, can bind peptide ligand. The p2Ca peptide, LSPFPFDL, derived from the endogenous ubiquitous protein α-ketoglutarate dehydroin the proper orientation for TCR recognition without the requirement for the N-terminal peptide for positioning. Recoggenase, was identified after being eluted from L d and thus represents a naturally processed peptide (18, 19) can sensitize target cells for recognition by a peptide-specific T cell clone. from both labs indicate that L8 is critical for binding.
An N-and C-terminal peptide pair derived from the p2Ca The C-terminal peptide, PFDL, binds effectively to L d at the peptide was synthesized (Tables 1-3) and analyzed for cell surface recognition by L d -p2Ca-specific CTL generated from the 2C TCR transgenic mouse. L d -bearing target cells incubated with Because PFDL sensitizes targets for recognition at a relatively low concentration (10 -8 M), we wanted to determine if the the N-terminal tetramer, LSPF, were not recognized even at high peptide concentrations, whereas incubation with the Ctetramer peptide could bind to and stabilize L d sufficiently to increase cell surface expression. Overnight incubation of Lterminal tetramer, PFDL, resulted in strong recognition (Fig. 4) . (Fig. 5) . This demonstrates that the peptide is capable of stabilizing L d molecules at the cell surface. Overnight culture with LSPF had no effect on L d expression and culture with Discussion LSPF ϩ PFDL did not measurably increase expression over that obtained with PFDL alone. The observation that PFDL This study was undertaken to probe the molecular basis of the interaction between the TCR and the MHC-peptide can increase the surface expression of L d , together with the T cell recognition data, confirms that the PFDL peptide by complex. Using a unique approach, we endeavored to determine the constraints placed on peptide binding by the MHC itself is capable of binding in the proper orientation.
class I molecule and the subsequent effects on T cell recogniThe C-terminal peptide, PFDL, can activate naive 2C T cells tion. The data presented here demonstrate that short synthetic in primary cultures peptides and peptide pairs can bind in the same register and orientation as the longer parent peptide and be specifically The data above suggest that the PFDL peptide can bind in the antigenically correct orientation recognized by the TCR. To recognized by the TCR. The data with the split peptide ligands derived from the octamer tum -peptide demonstrate that both confirm and extend this observation we wanted to determine if PFDL could activate naive T cells. For this analysis we used peptides of the pair must bind to be recognized by the T cell even when the TCR contact(s) are placed on only one of the naive p2Ca-specific spleen cells from the 2C TCR transgenic mouse. The majority of T cells in 2C mice express the αβ peptides. This suggests that the complementary peptide either stabilizes the MHC-peptide complex and/or assists in TCR from the L d -p2Ca-specific CTL clone, 2C. Spleen cells from 2C mice were cultured in the presence of peptide under positioning the TCR contacts. It is noteworthy that although clone P24 requires both TCR contacts, they can be separated conditions that have been used to generate peptide-specific CTL in vitro as previously described (15). Since p2Ca is by placement on different halves of the split peptide and still be recognized, indicating that the extra termini that are derived from a ubiquitous protein, we used the transfected mutant cell line RMA.S-L d as an antigen-presenting cell.
introduced do not interfere with presentation. Amino acids at different ends of the ligand can exert a similar conformational Although RMA.S-L d cells do not express the transporter associated with antigen processing (TAP), they do express influence since the positioning requirement for QNHR can also be met by including the naturally occurring N-terminal T p2Ca-L d complexes (9). However the level is insufficient to stimulate 2C spleen cells in a primary culture (Fig. 6) . As in the sequence. The results with the peptide pairs derived from the octamer shown in Fig. 6 , L d -PFDL complexes were capable of activating primary 2C T cells specific for L d -p2Ca. If cultures were p2Ca peptide are even more dramatic. As opposed to the results described for the tum -split peptide ligands, the Cstimulated with RMA.S-L d in the absence of peptide or in the presence of LSPF, significant activity was not obtained.
terminal p2Ca tetramer alone is recognized and thus does not require the N-terminal peptide. This indicates that the Although all cultures stimulated with RMA.S-L d are weak at 5 days, activity increased dramatically after a second week in amino acids of the C-terminal tetramer are sufficient to position the TCR contact residue. Tum -and p2Ca lack the proline at both the p2Ca-stimulated cultures as well as in the cultures stimulated with PFDL. Thus formation.
The data presented in this manuscript suggest that the split References peptides can bind independently to the MHC class I molecule and assume the appropriate conformation for TCR recognition.
